ABSTRACT Time, quality, and cost are the most critical performance indicators in project management. It has always been considered a tough challenge for project managers to optimize them simultaneously. This paper aims at establishing a simulation-based integer linear programming tool that helps project managers, at the preliminary stages, to assess the risks related to the feasibility and profitability of the projects within the framework of a stochastic discrete time-cost-quality tradeoff problem. The computational experiments on a wide range of benchmark instances from the literature were performed, and the results were compared with those of the deterministic version of the problem. The proposed approach is able to assess the impact of the stochastic behavior of the duration and the quality of the tasks on the cost, duration, and quality of the whole project. Moreover, the simplicity and the reduced time required for the computation of large size networks revealed to be very promising for giving a practical solution for real-life projects.
I. INTRODUCTION
A project is defined as a set of interrelated activities which is accomplished to achieve a certain goal, in which the activities consume time and resources, and precedence relationship governs them. Projects are recognized as being temporary and unique. They are temporary because they have a defined beginning and end time. Besides, they are perceived to be unique because there are no two identical projects and it is not a routine operation [1] . Therefore, they have a welldefined scope and resources. In project management fields, project objectives such as time, cost, and quality are the most interrelated parameters. It is always a tough challenge for project managers to trade-off among these project objectives if there is a lack of an efficient tool.
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In the case where each activity has several modes of execution and each mode has its own cost and duration. The manager has to select the appropriate mode for each activity. The problem of trade-off between cost and duration appears and a Time-Cost Trade-off analysis is mainly essential in solving two classes of problems. The first one consists of finding the shortest project duration without exceeding a given budget (budget problem) whereas the second one consists of minimizing the total cost while meeting a specific deadline (deadline problem) [2] . It is possible that a project may be fulfilled within a predefined due date and a given budget. However, that is not enough unless the quality requirement is not attained. For this reason, an extended version of the problem including quality issues is introduced in [3] and defined as the Time-Cost-Quality trade-off problem. The target of Time-Cost-Quality Trade-off problem could be to find the highest reduction in project completion time using a specified budget and ensuring a given quality level or to maximize the overall quality level of the project while considering budget and time constraints or to minimize the cost while considering quality and time [4] .
The stochastic behavior of the duration and the quality level of each task has certainly an impact on the duration and the global quality level of the project. In addition, the cost of the project can also be affected since each delay or violation of the quality restriction can cause a penalty. Thus, as stated in [5] the project manager or decision maker aims to assess the risk of ensuring the project requirements and hope to answer the three following questions:
• Will the project budget cover its cost while respecting the duration and the quality limits?
• Will the project duration exceed the deadline while respecting the cost and the quality restrictions?
• Will the project quality deteriorate while fulfilling the budget and the due date constraints? Therefore, the primary objective of this study is to design an accurate analytic tool which can assist project managers to answer the three questions listed above. For this reason, Integer-Linear programming (ILP) method along with the Monte-Carlo Simulation technique are combined. Three ILP models are formulated for the three project objectives individually. Furthermore, a quality function is designed in order to generate quality levels of different tasks based on their costs. In addition to the deterministic costs of all the tasks and the precedence constraints of the project, the input of each iteration of the Monte-Carlo simulation will include also a randomly generated values of the duration and the quality of each task under each execution mode. The output will be the overall project cost, duration or quality based on the result of the appropriate ILP. Once all the iterations of Monte-Carlo simulation are performed a sample of the cost, the duration or the quality of the entire project will be obtained. Hence the probability that the cost of the project will exceed its budget, can easily be computed. Thus an answer to the first question is provided. If the probability is high, it means that the project is not profitable and it's better to reject it. Similarly, the answers to the two remaining questions related to time and quality can be provided. Consequently, the manager can decide also about the feasibility of the project. To the best of our knowledge, there are no research works that assess the risk of projects while simultaneously considering time, cost and quality within the framework of the Stochastic TimeCost-Quality Tradeoff Problem (STCQTP).
Several researchers have studied the time-cost trade-off problem since the development of the Critical Path Method (CPM) in the 1950s. The extended version of the problem that considers the quality began to attract researchers since 1996. Primarily, [3] proposed a framework to study a Time-cost-quality trade-off (TCQTP) problem using three interrelated programming models. Later, [6] applied the linear programming model for the real-case cement factory project. However, the model had a limitation in measuring the quality of the cement factory. The work of [4] formulated three interrelated integer linear programming models, in which the quality of each package or mode of action is allowed to vary between 0.75 and 0.99. Other realistic assumptions, as the preemption of the jobs, are considered in [7] where a new mathematical model is introduced and tested on small, medium and large instances of the literature. Recently, a shuffled frog-leaping algorithm is developed in [8] to solve TCQTP problem. Due to the NP-hardness nature of the TCQTP, many metaheuristics have been applied in order to generate near-optimal solutions. A multi-colony ant algorithm is developed in [9] for the optimization of the three objectives: time, cost and quality as a trade-off problem. The particle swarm optimization is used in [10] to find approximate solutions of the TCQTP by integrating the fuzzy multi-attribute utility methodology. El-Rayes and Kandil [11] and Monghasemi et al. [12] , developed a multi-objective genetic algorithm to solve the TCQTP in the framework of the highway construction project. However, these works disregard the stochastic nature of the problem and do not consider the risk assessment. As a matter of the fact, studies on stochastic time-cost-quality trade-off problem are still sparse and only a limited number of papers which considered the stochastic nature of the problem, have been published. The continuous version of the STCQTP is addressed in [13] where a response surface methodology associated with linear programming is introduced, in order to design a robust schedule. A Monte Carlo simulation based on an ant colony optimization method for the STCQTP with exponentially distributed activity durations is used in [14] . Mokhtari et al. [15] developed a hybrid optimization approach based on cutting plane method and Monte Carlo simulation for the STCQTP in PERT network. On a later stage, an approach that uses computer simulation and statistical analysis of uncertain activity features is designed in [16] in order to address the quality while using a Cobb-Douglas function to represent the relationship between the dependent variables. A simple version of Monte Carlo Simulation, without the use of optimization, is used in [5] to assess the probability of a project whether it met its Quality-Cost-Time target under uncertainty in the case of continuous variables. The discreet stochastic version of the problem that considers the quality has been recently addressed in [17] while considering the preemption of the tasks. The multiphase version of the problem is considered in [18] . In this latest paper, a new approach based on goal programming is proposed to solve the problem. Considering time, cost and quality simultaneously in the case of the stochastic version of the problem with non-preemptive jobs remain worth investigating with the expectation of getting an effective decision-making tool. The Monte-Carlo simulation
The remaining sections of the paper are organized as follows. Firstly, we provide a formal definition of the optimization problem and develop three interrelated integerlinear programming models for project objectives, cost, time and quality. In section 2, we describe the solution approach of the simulation-based Integer-Linear Programming. In section 3 and 4, we present the experimental tests using benchmark instances from the literature, and we discuss the computation results. Finally, we present a summary and some conclusions.
II. PROBLEM STATEMENT
Consider a project with a finite set of n activities and with a precedence graph G = (V , A), where the set V represents the n activities in addition to two dummy nodes s and t representing the source and the sink of the graph, and the set of arcs A refers to the set of immediate precedence constraints of the activities. Each activity j, may be executed in different modes. Each mode is characterized by an activity duration, a cost, and a quality level. Moreover, the project has a due date, and the project executing company must pay a given penalty in case of project delay. A deadline is also specified for the project execution and the company is obliged to deliver the project before the deadline because no penalty can cover the damage once the project is not fulfilled before this deadline. In addition, the company will pay a penalty if the overall quality of the project is less than the required quality level. In this study, the activity duration and quality of each activity under any execution mode are assumed to be uncertain and, hence, the project completion time, and the overall quality of the project are uncertain. However, the costs are supposed to be deterministic. We also, assume that the quality of each execution mode of each task is a function of its cost.
A practical example of this trade-off problem can be found in construction projects. Based on the specification of the client, a real estate company would like to assess the risks related to the project before the deposit of its offer to the customer. On the one hand, each task of the project can be executed under different modes, where each mode has its cost, its time and its quality level. On the other hand, the specification includes a deadline for delivery to the client, tardiness penalty if the project delays beyond the due date and a quality failure penalty if it does't meet the predefined quality standard. The construction company has priced the project and wants to check whether the proposed budget will cover the total cost or not, whether the deadline will be respected or not and whether the predefined quality level will be reached or not. In the next section, three mathematical programming models are developed to solve the deterministic TCQTP. Mostly, the execution time and quality of each mode are different from their nominal values. However, when the activity duration and the quality change, the cost of the project can increase due to penalties. In order to consider this stochastic behavior of the execution time and quality, we propose a simulation-based optimization approach that may help the company to decide on the feasibility and profitability of the project. In a matter of the fact, if the probability that the project will meet its quality standards is high and the probability that the project can be accomplished before the deadline is also high, then the project is considered feasible. Otherwise, the project will be rejected because its feasibility is very risky. On the other hand, if the probability that the cost of the project will be less than its incomes is high, then the project will be profitable. Else, the project should be rejected because its profitability is very risky.
In order to quantify the quality, most of the previous researches consider the continuous scale from Zero to One to assess quality attained at each activity. Besides, the overall project quality should be a function of quality levels attained at the individual activities. Tareghian and Taheri [4] introduced three mathematical functions, the arithmetic mean, the geometric mean and the minimum. However, most of the subsequent researches have used the arithmetic mean in order to assess the quality in the framework of the for discrete TCQTP.
III. MATHEMATICAL MODELS
In this section, three mathematical formulations are developed for the discrete time, cost and quality trade-off problem. The parameters and decision variables for the linear-integer programming models are introduced in the following;
Set of activities, V = {1, · · · , n} ∪ {s, t} (s and t are two dummy nodes representing the source and the sink of the graph G). A:
Set of Arcs.
Set of execution modes for activity j, ∀j : j {1, . . . , n} C jm : Cost of performing activity j using mode m, ∀j {1 . . . , n} an ∀m {1, . . . , M j P jm : Nominal duration of each activity j using mode m, ∀j {1, . . . , n} an ∀m 1, . . . , M j q jm : Nominal quality level of each activity j using mode m, ∀j : j {1, . . . , n} and ∀m {1, . . . , M j :
Due date of the project. :
Daily penalty if the project completion time is larger than the due date T :
Deadline of the project. RQ: Requested level of quality. O:
Penalty on the quality deviation. B:
Budget for the project.
Wj :
Weight of task j∀j {1, . . . , n}, note that the sum of the weights of all the tasks is equal to 1.
B. DECISION VARIABLES
X jm = 1 if task j is executed by mode m 0 otherwise ∀j {1, . . . , n} an ∀m 1, . . . , M j d j : denotes the completion time of task j, ∀ j : j {1 . . . , n}∪ {s, t} K: denotes the total tardiness of the project. L: the negative deviation from the requested quality level. The three formulations required to be optimized in the discrete TCQTP, i.e., cost, duration, and quality of the project can be defined as follows; VOLUME 7, 2019 Model (The Integer Linear Programming Model for Cost Minimization):
The objective function (1.0), minimizes the project cost.
It includes three components: the first one is related to the cost of selected modes of the different tasks while the second part (π K ) is related to the tardiness penalty and the third part (OL) is attributed to the quality penalty. Constraint (1.1) obliges that only one execution mode is selected for each task. Constraint (1.2), preserves the precedence relation between activities. Constraint (1.3) maintains the quality of the overall project with a possible deviation from the requested quality level. Constraint (1.4) pledges the tardiness of the project. Constraint (1.5) defines the project deadline. Constraints (1.6), (1.7) and (1.8) are the non-negativity and integrality constraint.
MODEL 2 (Integer Linear Programming for Duration Minimization):
.X jm = 1; ∀j : j {1 . . . , n} (2.1) 
Subject to;
.X jm = 1; ∀j : j {1 . . . , n} (3.1)
X jm {0, 1} ∀j 1 . . . , n and ∀m
The objective function (3.0), maximizes the project's overall quality. Constraint (3.1) obliges that only one execution mode is selected for each task. Constraint (3.2), preserves the precedence relation between activities. Constraint (3.3) pledges the tardiness of the project. Constraint (3.5) defines the project's cost threshold. Constraint (3.5) defines the project deadline. Finally, Constraints (3.6), (3.7) and (3.8) are the non-negativity and integrality constraints.
IV. MONTE-CARLO SIMULATION
In order to develop an accurate tool that helps the decision maker to assess the risks related to the feasibility and profitability of the project, the Monte-Carlo simulation approach is applied while considering the three above-mentioned mathematical models. Let's start with selecting one among the three models based on the concerns of the company executing the project. In many cases, the cost is the most important objective to be optimized, but in some specific cases, time or quality could be fundamental. Once the mathematical model is selected, we move to the inputs of the simulation model. Basically, S scenarios of the duration and quality of the different modes of each task should be randomly generated. Similarly to previous works [19] - [21] . We assume that P jm the random variable that measures the duration of each task j in the execution mode m is lognormal distributed and we assume that its mean duration µ jm is equal to its nominal duration and its standard deviation σ jm is equal to 0.25 µ * jm ( P jm Lognormal(µ jm , σ jm )). In the same vein, we assume that the quality is lognormal distributed and that q jm is the random variable that assesses the quality of each task j under the execution mode m. The mean quality α jm is equal to the nominal quality q jm and the standard deviation of the quality β jm is set to 0.25α * jm . Besides, similarly to [4] , we assume that the quality is restricted to be in the interval of [0.75, 0.99]. In this simulation process, if the generated value of the quality is greater than 0.99, then the maximum quality value is used. On the other hand, if the generated value of quality is less than 0.75, then the minimum value is used.
For each generated scenario, the selected integer linear program is solved with a commercial solver. Here, it is worth noting that the created scenario of data may lead to an infeasible solution of the selected integer linear program. The number of infeasibilities occurred during the Monte-Carlo simulation process is denoted by R. Then, the output of the Monte-Carlo Simulation will be a sample including S-R observations of the cost of the project C, the completion time D or the quality of the project Q. Let AV_C, AV_T and AV_Q be respectively the average cost, duration and, quality of the project computed based on the obtained samples. Let σ C , σ D and σ Q be respectively be the standard deviation of the cost, the duration and the quality obtained after simulation. Based on these samples, we propose to compute the risks related to the cost, duration and quality (Risk_C, Risk_T and Risk_Q). Where Risk_C is the probability that the cost of the project is larger than its budget, Risk_T is the probability that the completion time of the project is larger than the deadline and Risk_Q is the probability that the overall quality level of the project is less than the predefined quality standard. In order to compute these probabilities, we assume that: 1) C the random variable that measures the total cost of the project is normally distributed (( C Normal (AV _C, σ C )).
2) T the random variable that measures the total duration of the project is normally distributed (( T Normal(AV _T , σ T )). 3) Q the random variable that measures the overall quality of the project is normally distributed (( Q Normal(AV _Q, σ Q )).
The size S-R of each sample obtained after the simulation is assumed to be larger than 30 which justifies the use of the normal distribution.
A. PROJECT SELECTION PROCEDURE
1-Consider one of the three formulations. 2-Run the Monte-Carlo Simulation. 3-If R > γ (where γ is a predefined threshold on the infeasibilities number), then reject the project and stop.
Else: go to step 4.
4-Based on the selected integer linear program, compute the corresponding risk:
5-If the risk is less than a given threshold α then the project should be accepted. Otherwise, the project should be rejected or the budget, the deadline and/or the requested quality level should be revised. The framework of the proposed model is illustrated as a flowchart representation as shown below in Figure 1 . 
V. EXPERIMENTAL ANALYSIS
The proposed mathematical models have been coded in C++ programming language using Microsoft Visual Studio 2010 and solved with Cplex 12.6. All the computational experiments were conducted on an Intel Core TM i7-4720 HQ processor with 2.6 GHz and 16 Gb of available memory. Due to the relatively long time needed for computing the integer linear programs, the number of replications S is set as the maximum between 100 and the number ensuring a 95% confidence interval based on the studies of [12] . The problem instances generated by [23] , upon his permission, have been used to test the proposed approach. The main factors determining these particular problem instances are the number of activities n ∈{87,104, 12}, the number of modes per activity M which is randomly generated in the interval [2, 10] or the interval [11, 20] , the complexity index (CI) which is fixed to 13 and the coefficient of network complexity (CNC) which takes 3 different values {5, 6, 7}. CI and CNC are the two parameters that define the network structure and VOLUME 7, 2019 the graph density. The CI is developed by [24] which refers to how far the given network is from being series-parallel. It is defined as the minimum number of node reductions required to reduce a given two-terminal acyclic graph into a single arc graph. The CNC refers to the ratio of the number of arcs to the number of nodes [25] . Three cost functions are considered to generate the cost figure that is convex (cvx), concave (ccv) or hybrid (hyb). The name of each instance is net X_Y_Z_T_R and it's composed of 6 components, indicating its different characteristics: net means network, X is the CI value, Y is the CNC value, Z indicates the interval from which the number of modes is drawn (if z is equal to m1, this means that the interval is [2, 10] but if z is equal to m2, this means that the interval is [11, 20] ), T is the type of the cost function (ccv, cvx, and hyb) and R is the number of the instance. Table 1 summarizes the parameters of the test beds. Moreover, the due date of the project is computed as follow:
where d t (min) and d t (max) are the results of the PERT algorithm on the project while considering, respectively the shortest mode and the longest one for each task in the project, respectively.
The deadline of the project T is set t;
The Budget of the project B is computed as follows:
where Min_cost (j) is the lowest cost of task j over all the modes and Max_cost (j) is the highest cost of task j over all the mode. The Daily tardiness penalty is assumed to be around the cost of two working days of the project and computed by:
We assumed that the Weight W j of each task j is associated with the execution time of the task:
In order to quantify the quality, we have normalized it in the interval [0,1]. Moreover, similarly to [4] , we assumed that the minimum quality is set to 0.75 and the maximum quality is set to 0.99. Besides, based on the work of [26] , we consider that quality is a non-decreasing function of the cost. A quality function that generates the quality level q jm for each task j under each execution mode m, is generated while considering the following methodology: 1-For each task j, the quality of the mode having the lowest cost M n_c (j) set to 0.75. 2-For each task j, the quality of the mode having the highest cost M x_c (j) set to 0.99. Finally, the requested level of quality RQ was set as the weighted sum of the average nominal quality of the different tasks of the project:
Moreover, the maximum penalty on the quality deviation O is set as follows:
where f is a random number generated in the interval [1, 10] . We assumed the penalty to be relatively high in order to ensure small deviations from the requested quality level otherwise the proposed model will easily scarify the quality in the profit of the other two objectives. The value of maximum acceptable risk α is set to 0.05 and the maximum number of infeasibilities R is set to 5.
VI. RESULTS AND DISCUSSION
The proposed approach was tested on instances sets generated in [20] . Mainly, three sets of instances are used. Each set includes 30 instances. The sizes of these instances vary from 87 to 121 tasks. The simulation-based optimization algorithm was run on all the instances under the three versions of the proposed integer linear programs. Besides, the deterministic version of the problem (TCQTP) is solved, while considering the nominal values of the time, cost and quality of all the modes of each task. The results of the three classes of the instances are displayed respectively in tables 2, 3 and 4. In each table, we report for each instance the
• Best obtained solution of the deterministic version of the ptoblemTCQTP (Nominal_C, Nominal_T, and Nominal_Q).
• The average cost, time and quality obtained after solving the stochastic version of the problemSTCQTP based on the simulation-based optimization approach (AV_C, AV_T, a and AV_Q).
• The standard deviations of time, cost and quality obtained based on the simulation results σ C , σ D and σ Q ().
• The budget B
• The deadline T • The minimum requested level of quality RQ.
• The different risks obtained after running the simulation models (Risk_C, Risk_, and Risk_Q).
• The number of feasible scenarios obtained during the simulation process (N _S). In the sequel of this section, the results of the stochastic and the deterministic versions of the problem will be separately analyzed and then a comparison between the two versions will be established.
In the case of the STCQTP, a project should be rejected from the point of view of the cost, time or quality if the Risk_C, Risk_T or Risk_Q, respectively, is larger than the predefined maximum acceptable risk α or if the number of infeasible linear programs recorded during the simulation process of the time, cost or quality is larger than the predefined maximum number of infeasibilities R. Based on this definition we report that 46 out of 90 tested projects (51.11%) were accepted from all the criteria (time, cost and quality), 41 projects (45.55%) were rejected from all the criteria and that only 3 projects (3.33%) were accepted by some criteria and rejected by others. The details of the three conflicting instances are given in table 5. A graphical configuration of the results is given in Figure 3 . Therefore, we can conclude that in 96.66 of cases there is a harmony between the three criteria while deciding either the project is acceptable or not. We can also report, that the number of infeasible scenarios of each instance is either null (N_S = 100) or very large (N_S <95), except in a few cases this number is not null but small enough to be accepted (See quality results in 96) ).
In the case of the TCQTP, a project should be rejected because of the cost, time or quality issues if the optimal obtained solution of the associated integer linear program is worse than the predefined limits of these criteria. Accordingly, only 23 projects (25.55%) were accepted over all the criteria, 56 projects (65.55) were rejected over all the criteria and 8 (8.88%) projects were accepted from the perspective of some criteria and rejected from others. The details of the three conflicting instances are given in Table 4 . Figure 4 gives a summary of the obtained results.
To compare the deterministic and the stochastic approaches, we will report the number and percentages of similarity of their decisions. From the cost perspective, the number of projects accepted by the two approaches is 30 and the number of rejected projects by the two approaches is 42. Thus, the number of similar decisions is 72 over 90 projects i.e. in 80% of the cases, the two approaches give the same decision. On the other hand, 18 projects (20%) were accepted by the stochastic approach and rejected by the deterministic approach and surprisingly, no project was rejected by the stochastic and accepted by the deterministic approach. From the time perspective, we note that the harmony between the two approaches reaches the level of 82.22%, while the number of cases where the two approaches give different decisions is 16 and all of them are rejected only by the deterministic approach. The lowest level of harmony is registered between the two approaches if we consider the quality criteria. In fact, the percentage of the cases where the decisions were similar is 72.22% and the remaining cases are accepted only by the stochastic approach. Figure 5 summarizes the comparison between the results of the two approaches, so we can conclude that the stochastic approach is more elastic via the acceptance of the projects and reduces the loss of opportunities for the projects that seem to be unattractive by the deterministic approach.
Computational time is strongly correlated with the number of the tasks of the project and the number of iterations of the Monte Carlo simulation algorithm. We set the maximum computational time to solve the integer linear programs, VOLUME 7, 2019 for the deterministic case and during the simulation process, to 100 seconds. The results show that in most of the cases, the real computational time is considerably less than the imposed time limit. Thus, we assume that the proposed approach is suitable to handle real-life applications since the sizes of the tested instances are quite large compared with the real-life projects. In summary, based on statistical consideration and evaluations, the developed approach is a significantly important help for the decision makers to assess the risks related to cost, time and quality of the projects.
VII. CONCLUSION
In this paper, we developed a simulation-based Integer linear programming tool to solve the stochastic version of the tradeoff problem among cost, duration, and quality of a project, which is a very challenging problem for project managers in many domains. The proposed approach integrated the integer linear programming with Monte Carlo Simulation tool, which enables to assess the risk related to time, cost and Quality. The proposed approach could assist decision makers in the project management field to select the most attractive project among many possible options based on the risks related to their cost, time, and quality. The experimental results are demonstrated through extensive empirical studies on 90 instances from the literature. A comparison between the results of the deterministic version of the problem and the stochastic version is conducted to check the harmony between the two approaches. The computation time required to generate results of the simulation process turns out to be quietly short and is very encouraging to be applied even for large real-life projects. In addition, future researches may be conducted while using the same approach but with different assumptions that may state the relationship between quality, cost, and time of the execution modes of all the project tasks. KHALED BAMATRAF received the bachelor's degree from King Khalid University, Saudi Arabia. He is currently pursuing the master's degree with King Saud University, Saudi Arabia. His research interests include optimization and supply chain management. VOLUME 7, 2019 
